This article describes a personal computer-based system for simulation of image-guided cardiovascular interventional procedures for physician and technician training, education, patient-specific pretreatment planning, and therapeutic device design and evaluation. The system provides users with the ability to manipulate and interface interventional devices such as catheters, guide wires, stents, and coils within two-dimensional (2-D) and volume-rendered 3-D reconstructed vascular images in real time. Finite element modeling is used to predict and characterize the interaction of the instruments with component parts of the vascular system and other body tissues. Image display monitors provide fluoroscopic, road mapping, and volume-rendered 3-D presentations of the vasculature. System software libraries provide the opportunity to choose various commonly used catheter and guide wire shapes and sizes as well as various sizes of stents and occluding coils. For training purposes, the system can be incorporated into a lifelike augmented reality-based environment in which interventional procedures are performed. This system also provides a method to design and evaluate the potential performance and/or clinical application of medical devices for interventional applications.
Virtual reality and simulator-based technology systems have proved to be of significant practical value in training and in evaluating user responses in situationspecific problem solving for both the military and the industrial sector. [1] [2] [3] [4] It is only natural that this technology be utilized for medical applications. Examples include virtual broncoscopy, 5 endoscopy, 6, 7 laparoscopy, 8, 9 neurosurgery, 10 anesthesiology, 11 and cardiac as well as peripheral vascular interventional radiology. [12] [13] [14] [15] [16] [17] [18] [19] [20] For interventional cardiology and radiology, the focus of these systems has been on training of user skills, improving hand-eye coordination, training of specific patient management decision-making skills, training of very specific specialized skills, and evaluating treatment approaches for patient-specific pretreatment planning.
Radiology is an image-based medical discipline, and interventional radiology relies heavily on medical imaging to guide therapy delivery. Although most interventional procedures utilize 2-D imaging, there is a growing trend to incorporate 3-D imaging to improve both diagnostic and therapeutic procedures. The ability to acquire and utilize volume-rendered 3-D imaging in the interventional suite will be common within the next decade, and simulation systems for training and pretreatment planning must provide multimodality 2-D and 3-D component systems to meet this development. Virtual reality-based simulation technology is especially suited for interventional radiology because the imageguided procedures involve viewing video monitors and place the interventional radiologist's hands manipulating instruments at a distance from the actual anatomic site being treated.
This article describes the interventional radiology simulation system currently under development as a collaboration between the Kent Ridge Digital Laboratory in Singapore and the Johns Hopkins Medical Institutions in Baltimore, Maryland. The system is designed to train interventional radiologists in catheterization and device deployment procedures, to provide a platform for patient-specific pretreatment planning, and to aid in the design and evaluation of interventional devices.
OVERALL SYSTEM FOCUS
The system being developed is focused on three major applications including training, patient-specific pretreatment planning, and interventional device design and evaluation. The research and development focus is on cerebral vascular, peripheral vascular, and cardiac applications. Although each area has specific unique requirements, there are also common platforms and generic computing technologies that encompass all three application areas.
TRAINING AND PRETREATMENT PLANNING SYSTEM
The system provides training and pretreatment planning components to manipulate and interface therapeutic devices with 2-D and 3-D reconstructed vascular images in real time in a manner similar to that encountered in a clinical procedure. The primary purpose is to provide a lifelike augmented reality-based environment where interventional procedures are performed. Actual cardiovascular interventional radiology instruments, including catheters and guide wires, can be inserted into a user interface module to achieve a high degree of hand-eyecoordinated realism. Finite element modeling is used to predict and characterize the interaction of the instruments with component parts of the vascular system. Manipulation of the various interventional room functions is accomplished through a touch screen system or mechanical controls configured to a simulated patient examination tabletop. For patient-specific pretreatment planning purposes, the experienced interventional radiologist should require only the patient-specific vascular image presentation and instrument interface components to experience the hand-eye-coordinated real-time manipulation of catheters, guide wires, and devices through the 2-D and 3-D modeled vasculature (Fig. 1) .
For training purposes, the system can be integrated into a more comprehensive simulation environment that is described subsequently. Figure 2 shows a typical setup of the system that could be implemented for training purposes. The simulated patient in the figure is a manikin that also houses the catheter and guide wire tracking and force feedback assemblies. The physician introduces and manipulates catheters and guide wires through the user interface assembly embedded within the manikin. Monitors are used to display 2-D and 3-D images as well as simulated physiological data such as electrocardiogram and blood pressure. A syringe injection device can be used to simulate the injection of a radiopaque dye and inflation of an angioplasty balloon. Foot switches can be used to simulate the activation of real-time fluoroscopy or other x-ray tubes for digital image acquisition and storage and to simulate various operations such as patient table movements, vascular image acquisition selection and display, x-ray collimating shutters, and contrast medium injections. Anatomical or physiological parameter variables can also be introduced to test or evaluate the responses or decision-making abilities of trainees. It is also possible for the simulation system to be connected to the Internet or intranet for the purpose of remote observation, teleconferencing, or training. The user can upload relevant patient images or other medical data or upgrade software using a workstation.
Image Modeling
A primary component of the system is the vascular image display. Various techniques are utilized for segmenting, extracting, and constructing geometrical models from patient image data sets obtained with spiral CT, rotational angiography, and gadolinium-enhanced MRA (Fig. 3) . The vascular network is segmented and traced in 3-D space, 21 and the central line of the vessels is identified. The 3-D volume data set and a reach-in device of 6 degrees of freedom are used to interact with objects in virtual space and to define essential points that are used to construct a topology model of the vasculature. The system employs a hierarchy structure to represent the vascular topology and then reconstructs the geometrical model of the vasculature.
Modeling of Interventional Devices and Vessels
A physical modeling-based approach is used to model the interaction between the catheters, guide wires, and other interventional devices as they are navigated through the geometrical models of the blood vessels. This interaction involves deformation computation and finite element modeling methods to model the interaction of the catheters and vessels. 22 These physically based models predict the behavior of the catheters, guide wires, and devices relative to the vasculature and dictate how the different levels of simulations interact with each other. For example, the catheter tip shape deforms in a predictable manner when straightened with a guide wire, when advancing through tortuous vessels, and when encountering vascular constraints such as lumen narrowing and branch point bifurcations.
Display System
Both 2-D fluoroscopic and 3-D vascular reconstructed views are displayed simultaneously on separate monitors (Figs. 1 and 4) . Tracking of catheters, guide wires, and devices occurs simultaneously in both views in real time. The 2-D view is similar to that seen clinically using fluoroscopy. The user has the option to adjust the fluoroscopic images in a manner similar to that encountered in the clinical imaging suite; that is, zooming, collimation, and rotation capabilities are available.
The 3-D volume-rendered images allow the user to view the vasculature from various positions or angles along all three axes to better understand the geometrical relationships between the movements of the catheter and guide wire within the vessels. This option is particularly valuable in evaluating the response of different types, shapes, or sizes of catheters, guide wires, or devices within a specific vascular territory. This could be of major value for patient-specific pretreatment planning as the physician could evaluate different treatment approaches before performing the actual intervention in the patient. An interior view of blood vessels that simulates an endoscopic passage through the vasculature is also available. In addition to the fluoroscopic 2-D and the volume-rendered 3-D views, the system provides for recording and displaying a vascular road map image that can be used as a guide for the catheterization process.
User Interface Device
An interface device allows the user to advance, retract, and rotate catheters and guide wires independently or together and view their movements in real time while navigating through the 2-D and 3-D modeled vasculature (Fig. 1) . The physical manipulation of actual catheters and guide wires through this device and the simultaneous real-time display of their movement through the 2-D and 3-D modeled vasculature provide realistic hand-eyecoordinated functions that can be of value in training and evaluating individual skills. We are also developing haptic interface components to provide the user with tactile feedback during the catheterization procedure. The user interface device includes syringes and angioplasty balloon inflation devices used in conjunction with simulated contrast medium injections and angioplasty or stent placement procedures (see the following section).
Enhancements CONTRAST MEDIUM INJECTIONS
The system provides for contrast medium injections and simulated washout of contrast medium from the vasculature. This can be performed using a hand-activated syringe or by means of a programmable contrast injector Figure 2 For training purposes, the system can be configured to simulate many of the functions encountered in the angiographic suite including a catheter insertion device embedded in a manikin, hand and foot switches to actuate fluoroscopic image and digital road map image acquisition, patient table movements, contrast medium injection, x-ray collimation, monitors for 2-D and 3-D images as well as physiological functions, and a computer interface to supply data sets and modeled test material information. 
ANGIOPLASTY, STENT AND COIL PLACEMENT
The system allows simulated passage of an angioplasty catheter and inflation of the balloon. The system software library can provide various sizes and configurations of angioplasty balloon catheters. The balloon catheter can be advanced to its intended location in the vasculature and the balloon inflated to simulate an angioplasty procedure. A handheld piezoelectronic balloon inflation device is used to actuate and document the balloon inflation process in real time. Real-time placement of vascular stents and vessel occluding coils is possible (Fig.  5) . The software device library contains simulated stents and coils of various sizes. The user interface system allows hands-on manipulation of the balloon inflation device as the process of stent deployment is displayed on the vascular display monitors in real time.
PATHOLOGY LIBRARY
We are currently acquiring clinical cases of various vascular pathologies that are modeled and stored in the software library. This library will grow as a function of time and provide trainees with the opportunity to practice catheterization and interventional procedures on a large variety of clinical cases. We anticipate that a national registrar could be formed where 3-D volumerendered patient-specific data sets would be available for training or teaching purposes.
DEVICE DESIGN
This system component provides a method to design and evaluate the potential performance and/or clinical application of interventional medical devices (Fig. 6) . Applications include design and evaluation of catheters, guide wires, stents, coils, and so forth. The design and evaluation process is based on quantitative analysis of volume-rendered images followed by derivation of the geometry, topology, and physical properties of the devices and finally verification and refinement of design parameters using simulation technology and volumerendered patient-specific medical images.
A physical model of the device is a combination of the recommended geometrical model, topology, and material. This approach focuses on developing a customized interventional device to treat a patient-specific pathology. The device design and simulated application evaluation process are user interactive using volumerendered images acquired from radiographs, magnetic resonance imaging, and CT. The device design, performance measurements, and possible refinement modifications can be evaluated in the same patient-specific simulation environment. Knowledge-based systems are employed to bridge the information gap between pa- tient treatment, which is more clinically oriented, and device development, which is traditionally the task of the device manufacturer.
The system permits design and evaluation of interventional devices that are customized for the treatment of individual patients or groups of patients or pathologies that have a very high degree of similarity. The system is intended to design and evaluate devices beyond the existing practice of rigid matching of the patient's anatomy and pathology with off-the-shelf devices that are often limited in variation. The vascular and device material knowledge base contains information to predict the interactions between the catheter, the device, and the vascular anatomy or pathology. In addition to providing initial recommendations concerning the materials for the device model, this knowledge base is used to help refine the physical properties of the device in the simulation process.
PHYSICIAN UTILIZATION
The vascular catheterization simulation system is currently undergoing evaluation and validation by both neuro and peripheral vascular interventional radiologists. Initial feedback indicates that the current system has 75% of the desired functionalities. Considerable effort is required to evaluate the real-time behavior of catheters, guide wires, and devices in various modeled vasculatures in order to improve the modeling and realism of the catheterization process. Modeling is a critical and difficult but very important step in the development of any simulation system. 23 This is a complex and long process of testing, refining, and retesting, but it is essential in order to improve the system continually to reflect accurately the interaction between catheters, guide wires, devices, and the vasculature. We feel that the current system can be used as a training aid. Further work in validation is needed for pretreatment planning purposes. Additional work is under way to incorporate motion parameters and physiologically based modeling in the system for even greater realism. 
